This paper describes optimum posture determination of variable geometry truss structures by Optimality Criteria Method. A minimum compliance posture of variable geometry trusses for a given working load vector is realized by adjusting variable members, where the update control values are determined according to optimality criteria transformed from strain energy minimizing equation in advance. The validity of optimum posture determination by optimality criteria is confirmed numerically by applying it to the configuration control of a pair of variable geometry trusses containing ten adjustable members for cooperative operation.
Introduction
In recent years. it is expected to use adaptive truss structures in universal operations such as manipulators. The adaptive truss structures equipped with sensors and actuators are able to change the geometry by itself depending on mission [1] [2]. A lot of researches have been down on the track control of the truss arm composed of several and more unit modules in series with many adjustable elements. and also on the posture control depending on the final objective position and angle of the load [3]- [6] . The adaptive truss structure has many adjustable members so as to be able to change the posture freely on purpose, however, there are many elements to be controlled simultaneously in the track control or posture determination. The decision of the control values is so time consuming that it is difficult to implement a control due to the limitation of the control time when using usual central control method. In the case of the cooperative operation by more than one manipulator, the posture control is much more difficult. Although the research on the posture determination technique of the adaptive truss structure has been made, for example, deciding adaptive rules intuitively based on the autonomous distributed system or acquiring control rules by genetic programming [ 7 ] [ 8 ] ,
it is diffi-cult to apply them to the case of relatively complicate operations such as the cooperative operation by more than one manipulator because of ambiguity of control criterions. Until now no effort has been made to determine strictly the postures of variable geometry trusses by the theoretical optimization method. This paper proposes an optimum posture determination technique by Optimality Criteria Method (OCM) to determine the posture more strictly for two-dimensional adaptive truss manipulator, while posture control process of variable geometry truss is considered as quasi-static, and the posture with maximum stiffness is determined corresponding to the applied load on the tip of arm. In other words, when the position of the load on the tip of truss manipulator is fixed, the optimum posture determination technique is suggested to obtain maximum stiffness of the model with the cooperative operation by more than one manipulator. The effectiveness of the suggested formulation is discussed based on the finite element simulation.
Adaptive truss structure

Truss manipulator model
The two-dimensional adaptive truss manipulator model illustrated in Fig.1 is considered in this paper. Three members of length L and one member of adjustable length equipped with actuator, compose a unit truss module (unit structure) as shown in Fig. l(a) . Then, n units of truss modules are connected in serial so as to construct a manipulator-like n-story plane truss structure as shown in Fig. l(b) . Two points of the bottom module are fixed, and two members compose the top story module in order to support an external load as an end-effector at point A. Several truss manipulators line up in the case of cooperative operation problem. Adjusting the length of adjustable members of the modules can control the posture of the truss manipulator.
The directional angle 4 and the value of a given load P at point A are specified as a working force vector. Then maximum stiffness posture determination problem is considered, when the direction 4 and position ( x A , y A ) o f the load P at the 
Simulation of posture determination
Let us consider the simulation of posture determination of the adaptive truss manipulator mentioned above. The static equilibrium equation on the nodes of the truss at arbitrary posture is solved by finite element method for a given load, and the displacement at each node can be calculated by the following formula, e, = I.
( 1) where @)is the equivalent load vector, @}and cen are the displacement nodal vector and stiffness matrix, respectively. The displacement simulated by finite element method is taken as local information, and the following formula derived from Eq.(l) by differentiation is used to obtain displacement sensitivities with respect to each displacement control variable H, ,
The displacement sensitivity is used to calculate the control value of each module based on the optimum criteria discussed later so as to modify the posture of the truss. This cycle is considered as one step, and the process is repeated from arbitrary initial posture until the convergence condition is satisfied. The flowchart of this posture determination simulation is shown in Fig. 2 .
Cooperative operation
As an example of the cooperative operation, Fig. 3 illustrates two adaptive truss manipulators #a, #b supporting an effector M subjected to a load P at the center of gravity M,. The cooperative operation problem is considered here to acquire the Fig.3 Model of cooperative truss structures.
maximum stiffness postures corresponding to the given load. It is assumed that directional angles # , , $ , of the load are specified in advance. Then, the load P at the center of gravity M, of the end-effector is supported by reaction forces R,, R, at tip points of each manipulator. The loads R,, R, of both manipulators can be obtained easily by the following force equilibrium equations. Pcos# +R, cos$, =R, cos$,
3 Derivation of the optimality criteria
The OCM can derive an optimal condition corresponding to the objective function, and the derived condition is usable repeatedly to modify control variables in order to satisfy the optimum criteria. It is very effective for large-scale problems with many variables because of the high efficiency in solving, though generality of the optimal criteria derived is limited to the problem considered. The optimal criteria for the posture control of adaptive truss manipulators considered here are derived as follows.
In the posture determination problem of maximum stiffness for single adaptive truss, the optimization problem with constraint conditions can be stated as follows; it is to minimize the objective function
where the objective function f is the total strain energy, (X, ,Y, )is the coordinate of the specified loading point A when the origin of the coordinates is defined at the left bottom node of the truss manipulator. The objective function is minimized under the constraints g, and g2 . The horizontal angle 8, of the adjustable member of variable module i are taken as control variables, then the Lagrange function L consists of f , g l , g, by introducing Lagrange multipliers l, , A, can be derived as By differentiating L with respect to the variables O1...H1, and 4 , h,, the necessary conditions of optimality can be derived as follows;
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For the problem of the cooperative operation of more than one truss manipulator, the total strain energy of whole adaptive structures is taken as an objective function and the positions of every truss manipulator are taken as constraints, the formulation for updating values can be obtained in the same way.
Simulation results
Single truss when load position is fixed
The simulation of the optimum posture determination of single truss model composed of ten unit modules is carried out by Optimality Criteria Method mentioned above. The displacement as local information in each updating process of control values, is calculated by FEM. The length L of a unit module, the cross sectional area A , Young's modulus El anti the applied load P are assumed as L = 1 0 0 0 m m , A = 1 0 0 m r n 2 , P = 2 9 4 N , E =205.8GPa = (2L, 8L) when the origin of the coordinates is defined at the left bottom point of the truss manipulator and the loading direction is fixed as 6 345' . The converged postures of Posture 1 and 3 are decided by convergence condition # 1, while converged posture of Posture 2 is decided by convergence condition e 2. The initial and converged postures are illustrated in Fig. 3 , and the control values are compared in Table 1 . In the case of Posture 1 and 3, the 7Ih and 8Ih unit modules have changed much their geometry, while Posture 2 converged when the 9'h and loth unit modules have changed. Table 1 shows that Postures 1 and 3 have the almost same converged control values. Although the local solutions of posture determination with the constraint condition are dependent on the initial postures, it can be concluded that the stiffest posture is acquired for each initial posture because the total strain energy of all models decreased to 1/4"1/5. Figure 5 shows the variation of the total strain energy during iteration for updating the control variables. It is found that the strain energy decreased rapidly at initial iteration steps, and converged gradually as the number of iteration increased to a large value. In comparison with Posture 3, Postures 1 and 2 need much more numbers of iteration to converge, but either case shows little vibration in strain energy decreasing. Therefore, the effectiveness of the method is confirmed.
In the next example, the loading point is the same as previous example, but loading direction is set as 6 =90° . Two kinds of postures (Posture 4 and 5) are selected for simulation. Either converged with the convergence condition * 2.
The initial and converged postures are illustrated in Fig. 6 , and the control values are compared in Table 2 . Both Postures 4 and 5 have changed their geometry at the 31d -5Ih unit modules. It is found from Table 2 that converged control values of two models are exactly same, which means that the simulation results under this loading condition are not dependent on the initial conditions. Moreover, the total strain energy decreased to 117 and the stiffest posture is acquired for either model after iterating about 100 times. 
A pair of truss manipulato~rs for cooperative operation
In this example, a pair of adaptive truss manipulators composed of 10 unit modules cooperatively supports a circular end-effector at two tips. The loading positioo is fixed, then the supporting forces acting on each truss tip can be calculated by Eq.(3). Using FEM, the cont~ol values at each iterative step can be obtained by the same way as that in the previous examples of single truss manipulator. The parameters in FEM are adopted as the same as the single truss example. The convergence condition of the posture adaptation simulation is satisfied, if the sum of the absolute values of the renewal values of the control variables of all modules is less than 0.01' ( # l ) , or if the number of iterations becomes 1500 ( 2).
Postures 1 and 2 are selected to simulate a pair of optimum postures from the same load carrying conditions but different initial postures. The relative position of a pair of trusses and the loading conditions are listed in Table 3 for trusses #a and #b. The convergence condition 1 is active in the case of Posture 1. while # 2 is active in Posture 2. The initial and final converged postures are illustrated in Fig. 7 . It is observed that both truss manipulators have changed their postures curved in the outer directions, and Truss #a shows the same converged posture in both cases of Posture 1 and 2, while the converged posture of Truss #b is dependent on the initial posture. The total strain energy of Posture 1 is higher than that of Posture 2 after convergence. Fig,ure 8 shows the variation of the total strain energy during iterations for updating the control variables. It is found that the total strain energy decreased quickly in the case of Posture 1, while slowly in the case of Table 5 . Loading condition of Posture 5.
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Posture 2 where the convergence condition #2 is active. From this simulation results and converged postures, it is considered that Posture 2 fell into the local optimum. Next example considers Posture 3 and 4 those are different from Posture 1 and 2 in given loading direction. The loading positions and conditions of a pair of truss manipulators, Truss #a and Truss #b, are shown in Table 4 . The adaptive simulation in either case is stopped, while convergence condition # l is satisfied. Figure 9 shows the initial and final converged postures. Although the given loading direction is different from Posture 1 and 2, the directions of the acting forces on two truss manipulators are the same, and therefore the converged postures of Posture 1 and 3, Posture 2 and 4 are very similar, respectively. The converged posture is also dependent on the initial posture under this loading condition. Comparing the total strain energy, the converged posture of Posture 3 has a higher stiffness. The number of iterations is about 300 times in either case.
Furthermore, the shape of the end-effector is changed from a circle to a triangle, and the adaptive simulation is performed for the initial Posture 5. Three examples of a pair of truss manipulators in the cooperative operation problem are simulated under different loading conditions and the shape of the endeffector. The first two examples show that the converged posture is dependent on the initial posture, but the total strain energy decreases and the high stiffness postures are obtained in each case. Therefore, the results prove that the posture determination by Optimality Criteria Method is effective in the problem of cooperative operation with a pair of or more adaptive truss manipulators. during adaptation ( f#J =90° ).
Conclusions
This paper has proposed the ma~ximum stiffness posture determination technique by Optimality Criteria Method for two-dimensional adaptive truss manipulators with the fixed loading position, and performed optimization simulation based on the optimality formula derived in advance. Moreover, the problem of the loading position for single truss is extended and optimization simulation is also applied to the model of a pair of truss manipulators that supports cooperatively an end-effector of arbitrary geometry. The siimulation results show that the maximum stiffness postures can be determined effectively by the proposed method.
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